demonstrated in human cancer, studies of the interaction of viral and host-cell genomes in mice and other species, and the visualization of C-type virus in human tumors have provided good reasons for suspecting the presence in man of oncogenic genes (oncogenes) homologous to those of the C-type viral genomes, which are well studied in mice, hamsters, cats, rats, and chickens.
It is now known that C-type RNA viral genomes are widespread among vertebrate species (1-3). Although they have been identified in some species by electron microscopy as complete particles, overt C-type RNA viruses are more often than not undetectable (1, 2) . They are mostly repressed or defective (4) , yet, sensitive techniques now exist for the detection of covert viruses (3, 4) . Different inbred strains of mice, unlike genetically related strains (2) , vary in their phenotypic expression of the virus. Sero-epidemiological study of the gs-AG of C-type RNA virus have demonstrated that genome information is present in all strains of mice, including those that lack infectious virus or visible C-type particles (1) (2) (3) (4) ; gs-AG is also present in embryonic and tumor tissues of feral mice, both under "natural" conditions, and after carcinogen treatment and tumor induction (1, 5) . Carcinogenic chemicals, radiation, and increasing age or serial passage of cultured cells It has been postulated that cells of all vertebrates carry vertically transmitted, i.e., inherited, RNA-virus information that serves as an endogenous source of oncogenic activity (1, 2, 4) . Whether or not tumorigenesis results depends upon the presence of a number of specific regulating genes in the host genome, which favor RNA-virus genome (operon genes) expression, and activation of the endogenous oncogenes responsible for cell transformation*.
In this communication evidence has been assembled for host-gene controls of both virus-genome and tumor expressions in mice. We also present new data and discuss existing evidence, which may have relevance to cancer induction in other species, particularly man. The evidence may be summarized: Inbred Mice. Natural or "spontaneous" tumorigenesis in inbred mice depends upon the strain of mice, i.e., different strains exhibit characteristic patterns of tumor development, types of tumors, and latency (2, 9; Meier and Myers, unpublished data). Similarly, the prevalence of complete virus and gs-AG is genotype-dependent* (2; Taylor et al., unpublished data). In addition, the induction of tumors by carcinogenic chemicals and radiation, the types of tumors produced, and the latency for tumor development after the administration of standard doses of carcinogens depend upon the hostgenotype and the age at which the mice are inoculated. The incidence of tumors is influenced as well by the pheontypic expression of endogenous virus, and the age effect indicates an inherent (viral) "programming" for tumorigenesis* (Meier and Myers, unpublished data); in strains with low tumor incidence and little viral expression, there is clear evidence of viral activation (4) , and in strains with high tumor incidence and high titers of virus, the type tumor produced is usually the kind that occurs "naturally," e.g., leukemia in AKR mice (9, 10) .
Thus, both tumorigenesis and expression of viral functions are genotype-dependent, i.e., they are controlled by host genes. The importance of genetic determination of cancer susceptibility and resistance was suggested many years ago (11, 12) . Because of the complexity of oncogenesis, a number of genes must be involved; single gene determination is most likely exceptional, although single specified genes can clearly exert a major influence (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Several studies have shown that histocompatibility genes, notably H-2 (the major mouse blood-group locus), are important in viral oncogenesis (18) (19) (20) (21) (24) (25) (26) . Other work has implicated a locus, Tla (thymus leukemia antigen), closely linked with H-2 in Linkage Group IX, rather than H-2 itself (20) . However, there is no doubt that the H-2 region influences the susceptibility to, and affects the course of, virus-induced oncogenesis (25) .
Among more than 300 mutant genes occupying some 250 loci that are known in the mouse, certain loci other than H-2 have also been found to affect susceptibility to, and biological activity of, leukemia virus, especially the Friend leukemia virus complex that initiates spleen-focus formation. For example, alleles at the W-dominant spotting lucus control the availability or quality, or both, of target cells for spleen focusforming virus (SFFV), and the mutant alleles at the steel (Si) locus confer refractoriness to SFFV (27, 28) .
Although specific association of single mutant genes with mammary and lung tumors have been reported, only one instance of an association of spontaneous leukemia and a specified gene, dilution (d), has been shown (19) . In addition, the flexed-tail gene (f), responsible for transitory siderocytic anemia and vertebral fusions, directly influences susceptibility to methylcholanthrene-induced leukemia (29) .
We have described the genetic control of susceptibility and resistance to viral leukemogenesis by the hairless (hr) locus of Linkage Group III (22) . The effect of hr or a closely linked gene on leukemogenesis had not been described previously, although there had been a suggestion that the hairless and other seemingly "irrelevant" genes, such as vestigial-tail, shaker-2, waved-2, fused, and flexed-tail, control the reduction of body weight and decrease the incidence of lung tumors in inbred mice (31) . Conversely, the yellow gene (AY) controls the increase of growth or body weight and the enhancement of various tumors in a number of organs (14, 16, 23) .
In our comparative studies of the HRS/J strain, the two isogenic genotypes, hr/hr and hr/+, differed significantly in the incidence of leukemia (22) ; 45% of the homozygotes and only 1.5% of the heterozygotes develop leukemia by 1 year of age. Since both genotypes harbor isolable virus and gs-AG in high titers, viral replication is probably similar, but malignant transformation of reticular-endothelial tissue occurs more readily in hairless than the haired genotype, i.e., the mutant gene (hr) enhances susceptibility, while the wild-type allele (+) provides resistance to leukomogenesis. Clearly, this single gene difference provides an opportunity to analyze the interaction of a specific host gene and C-type RNA virus.
We have studied the inheritance of gs-AG in several hybridization experiments using inbred strains of mice that were selected for high and low tumor incidence, and characterized by various overt and covert virion expressions (Taylor et al., unpublished data). If genes for mammalian RNA tumor viruses are part of the host-genome, as is implied by the "oncogene-hypothesis," then they must be shown to be located on one or several linkage groups (1). The existence of specific viral RNA-host DNA homologies provides important, but only partial evidence (32) . Thus, in our studies, we have taken advantage of a number of "marker" genes by which the inbred strains that were chosen for hybridization differ, i.e., coat color, isozymes, histocompatibility (H), and other cellsurface antigens. For confirmation of certain of our results, we also used H-2 and H-i congenic resistant strains. In addition, we and others have developed several recombinant lines that aid significantly in linkage analysis (33; Taylor and Meier, unpublished data). Since recombinant (and independent) inbred lines are derived from the F2 generation by brother-sister matings, closely linked genes tend to become fixed in the same combination as they entered the original cross, whereas unlinked genes recombine in a random fashion. The various lines thus developed will become increasingly valuable in studying the genetics of cancer susceptibility as they become more inbred and then typed for additional loci. With the use of highly potent and broadly reactive antisera, the segregation data for gs-Ag best fit a two-gene model, i.e., at least two genes, both autosomal dominants, that control the expression of gs-AG and the ability of the viral genome to produce infectious virus. Gs-AG (s) represent about 30% of the total viral proteins, and the host genes may serve either as structural or regulator genes for gs-AG expression. Upon use of an antiserum containing mainly anti-gs-1 antibodies, we found in recombinant lines that gs-1 is determined by a single autosomal dominant gene. Details of the studies will be published shortly. The major structural protein of all the Ctype viruses studied carries both species-specific (gs-1) and interspecific (gs-3 interspecific) cross-reacting determinants as an integral part of its structuret (34) (35) (36) .
Whereas H-2 apparently does not directly influence gs-AG expression, the H-2' allele enhances the susceptibility to leukemia. However, since leukemia incidence among F. backcrosses to two parental strains of mice, AKR/J and C57L/J, differed, we concluded that other, as yet unidentified, genes significantly affect the incidence and susceptibility to leukemia (Taylor, Meier, and Myers, unpublished data). Thus, although H-2 is known to affect viral-induced leukemogenesis, this is the first time an association with "spontaneous" or natural tumorigenesis has been demonstrated (Taylor and Meier, unpublished data). H-2' also favors complete virus formation; we have isolated virus from all strains of mice having the H-2k allele or a recombinant of H-2k, except C3H/Bi and C57BR/cd strains.
Feral Mice. The information derives from two studies on H-2 polymorphism in wild mice (37, 38) ; the first study analyzed mice captured at four different locations in Michigan (37) . 15 different phenotypes were found that were different from those of laboratory mice, but great similarity was observed between phenotypes of wild mice captured from the same locations; thus there was an indication of a high rate of inbreeding in the same location. Even though the wild-mouse phenotypes were different from those of laboratory mice, many mice must have been heterozygous for H-2 alleles and many undetected antigens must occur in wild populations. However, three additional noteworthy facts are observed: H-2 specificities, which are rare in laboratory mice, were also found to be rare in feral mice (e.g., 2, 4, 12, 19, and Rhim et al., unpublished data), and conversely, H-2 specificities, which are common in laboratory mice, are also common and widely distributed in feral mice* (e.g., 1, 3, 5, Whitmire et al., unpublished data). A number of specificities characteristic of H-2t (e.g., 18, 20, 27) have not been found in over 100 feral mice from 20 locations; antigen H-2.23 is strictly limited to allele H-2k and its recombinational derivatives (38, 39) . Curiously; specificity H-2.32 has only been demonstrated by cytotoxic tests; thus, it is present on lymphocytes and possibly absent from erythrocytes. From the last three observations, one may infer that leukemias (or other tumors) should be rare in feral mice, and this seems to be true (5) . As in the H-S system of laboratory mice and the HL-A system of man, certain specificities appear together in feral mice, e.g., H-2.1, 5, 5, etc., whereas other specificities are mutually exclusive, e.g., H4.S excludes H-2.4.
Apparently, complete infectious virus is rarely encountered in feral mice, although C-type particles have been visualized by electron microscopy in carcinogen-induced tumors.
Recently, virus has been recovered, and the source and characteristics of the one or two embryo-cell isolates are presently being studied (Hartley et al., unpublished data) . Gs-AG expression is generally-low-to-absent until very old age (1, 5 It has been suggested that certain HL-A hallotypes may influence tumorigenesis (49, 51) . The Merritt specificity of HL-A (HL-A2) may favor acute childhood leukemia, whereas the presence of HL-Al (+) may be associated with leukemia resistance (47) . Furthermore, associations may exist between HL-A5 and Hodgkin's disease (51) . Clearly, studies of the relationship between HL-A phenotypes and tumor susceptibility and resistance must be intensified and extended in order to determine the significance of the suggested associations. However, even if such associations were established, it would be premature to speculate on the mechanisms of this dependence, for the H-S and HL-A regions likely control many functions, both related and unrelated to tumorigenesis (52) . It seems interesting that as in the case of H-2 specificities of mice, certain HL-A haplotype combinations "go together", e.g., 1 and 8, and 2 and 5. Thus, one might expect that leukemia and Hodgkin's disease should be mutually exclusive because of their respective associations with different HL-A haplotypes.
Cancer of the breast in women is known to vary considerably in geographic and ethnic distribution, and tends to cluster in families (40, 53) . Exploration of a possible role of genetic factors revealed an association between breast cancer and the S-blood group antigenic system: the phenotype 88 appears to be at greatest risk (53) . Possibly the gene S protects against breast cancer in both homozygous and heterozygous women as does the gene N; it is interesting that the blood-group systems MN and S are closely linked in man (53) . If these findings are confirmed, hormone assays in various identified phenotypes and high-cancer-risk groups may be a useful approch to further explore the etiology of breast cancer (53) . In mice, ovaries and uterine endometrium have significant expressions of Ctype RNA viral gs-AG, probably due to hormonal enhancement (54) ; thus, hormones (estrogens) may modify or "switch on" virion expression. A similar situation could exist in man: B-(and possibly Ci-) type viruses have been observed in a limited number of human-breast-cancer tissue and milk (55) . The striking similarities between breast cancer of women and mammary tumorigenesis in mice, which is known to be caused by the B-type Bittner virus, are now considered too extensive to be coincidental, particularly since Btype RNA particles have been demonstrated in human milk. Should human breast favorable allele was H-g , and H-S4 and H-2S were intermediProc. Nat. Acad. Sci. USA 68 (1971) cancer be proven to be due to the B-type RNA virus genome, the B-type virus-induced cancer in mice will provide an extremely relevant model (55) . Apparently, B-type RNA genetic information is vertically transmitted (56) .
Apparently, other associations of blood groups and cancer exist in man; there is a significant correlation between cancer of the stomach and blood group A (5), and an increased Rhnegative frequency is observed in at least two age groups in association with a high incidence of leukemia, 0-4 years and more than 50 years old, compared with those between 5 and 50 years of age (58) . A similar excess of Rh-negative individuals is found among patients with autoimmune diseases (59) . Since autoimmune diseases and certain leukemia conditions share many immunological similarities, this association with Rh negativity may not be fortuitous. In the case of immune hemolytic anemia of NZB and related mice, there is evidence of the involvement of a C-type RNA virus (60) .
Association of Certain Phenotypes with Cancer of Man and Mouse. We feel that as more is learned about the characteristics of inbred mice, valuable parallels and differences will be found between mouse and human cancer. Because of their potential analogies, they may help clarify the mechanisms of cancer in man and other species. The study of leukemia in isogenic lines of the HRS/J strain of mice is a case in point. Lymphoid leukemia prevails in mice of either of the genotypes, hairless and haired, up to about 1 year of age, and myeloid leukemia occurs in older mice (22) . A similar situation may exist in man; although chronic lymphoid and myeloid leukemia may appear at any age in man, the lymphocytic type occurs predominantly in the first three decades, and the myeloid form tends to appear in the middle to old age group.
It is well known in man that obesity predisposes to tumorigenesis. The same holds for at least two types of hereditary obesity in mice, caused by the genes AV and ob. The lethal yellow gene (AY) in mice increases suscpetibility to both induced and "spontaneous" pulmonary tumors, spontaneous heptatomas and mammary tumors, induced skin tumors, and reticular neoplasms (14, 16, 23) . A second allele at the agouti locus, viable yellow (AVY), also induces increased normal and neoplastic growth (6) . Since the growth of allogeneic sarcoma-37 cells is stimulated in both yellow strains (YS/ChWf -A /a, and VY/Wf -AVi /a) of mice, as compared to similar implants into nonyellow a/a siblings, the enhancing effect of the yellow phenotype on tumor growth must be systemic (61) . The gene ob (obesity), which causes both obesity and diabetes mellitus, enhances the development of the hepatoma (62) , and increases the expression of gs-AG. Also, a number of hereditary anemias of man, notably Fanconi anemia, represent a high tumor-risk condition (40) . In mice, an allele at the steel locus (Si) is associated with the development of leukemia (17) .
Particularly susceptible to leukemogenesis is the anemic hybrid of (WC/J X C57BL/6H)F1 -S11SId. The isogenic normal, nonanemic mice (+/+, SJ/+, or Sld/+) are not leukemia-prone, although they are susceptible to radiation leukemia. This is not to imply that the pathogenic bases for the Fanconi and steel anemias are identical. Viral Versus HostWenes. Of importance is the study of viral genes; of course this is feasible only when the virus has been isolated. C-type RNA viruses have been isolated from cats, hamsters, and snakes, in addition to mice and chickens (1) . Thus, C-type viruses are now known to be exall naturally occurring murine leukemia viruses fall into two categories with respect to their growth on mouse-embryo cells of NIH Swiss (N-trop) or BALB/c (B-trop) mice (16) .
Apparently, interactions between viral and host-genes determine the tropisms observed at the mouse N-B locus, but it is not known whether all leukemia viruses of the same host range are genotypically identical (46) . All strains possessing the Fv-1P are N-type, whereas all Fv-1r strains are B-type (46) . It is noteworthy from a comparative point of view that all mammalian C-type viruses studied thus far contain a major structural-protein component of molecular weight about 30,000t (34) (35) (36) 64) . This protein carries the group-specific antigenic determinants that are intraspecies and interspecies specific. This situation in the mouse, hamster, rat, and cat may be analogous to the gs-a and gs-b antigens in the chickens (65). However, a major difference exists between avian and mouse leukemia viruses, and the genetic susceptibility and resistance of host cells. In chickens, several serologically distinct types of virus occur, whereas only one type related to Gross passage A is found in mice, irrespective of whether or not the various virus isolates are N-or B-tropic. In mice, resistance to virus infection is dominant, whereas susceptibility or sensitivity is dominant in chickens. The significance of these in vitro observations must be demonstrated in vivo. However, the fact that the structural proteins associated with several C-type viruses from different species contains crossreacting interspecific antigenic determinant(s) may make it feasible to screen human tissue and tumors for the presence or similar expression of the postulated human C-type virus genome. The basis for such an approach lies in careful chemical and immunological analysis of the various expressions of the mouse virus.
Studies of the inheritance of the ga-AG of avian leukemia virus revealed Mendelian inheritance of a single gene (66) . It is now known that in chickens, as is in the mouse, a second antigenic determinant (gs-b) occurs (65) . The possibility of chromosomal integration of the viral genome as occurs in lysogeny has been the subject of considerable speculation. This possibility is clearly enhanced by the findings of a hostgenetic control of gs-AG expression and an RNA-dependent DNA polymerase, which can transcribe viral RNA into host DNA. Although recent observations on a newly recognized MuLV-related cell-surface antigen, Gi. (66) , do not clearly distinguish between its coding by viral or cellular genes, there are excellent prospects for the ultimate elucidation of the relationship of leukemia viruses and their natural hosts.
Apparently, Gi. is determined by two genes, one dominant and the other semidominant, which is linked with H-2 in Linkage Group IX. Gi. is detected by cytotoxic antisera. Strains of mice are either positive or negative for Gi., and among positive strains, there are three classes with respect to the amount of antigen present on thymocytes. Presumably, the three amounts of antigen are determined by different alleles at one of the two loci.
Although Gi. alloantigen, like the TL antigens (67) , occurs in leukemias of mouse strains that do not normally express them, they are associated with different biological processes (69, 70):
whereas conversion of TL-negative to TL-positive is absolutely diagnostic of malignancy, conversion of Gi.rnegative to G.. positive is usually associated with a productive MuLVinfection, but not necessarily related to malignant transformapressed naturally in three classes of vertebrates (1) . In mice, Proc. Nat. Acad. Sci. USA 68 (1971) tion; conversely, the expression of TL-antigens does not always correlate with the presence or absence of virions.
Although Gi. is similar to the Gross cell-surface antigen, the Gross antigen is invariably associated with a productive MuLV-infection, wheras Gi. is probably the product of a cellular gene (67) indirectly influenced by the viral genome. It is noteworthy that Gi., Tla, H-2, and a fourth locus, RgV-1, are all in Linkage Group IX; RgV is situated at the "K" end of H-2 and is one of the determinants of the susceptibility to natural (wild type) RNA tumor virus (71) . This work is supported by U.S. Public Health Service Research Contract PH 43-67-744 from the National Cancer Institute.
